We explore by molecular dynamic simulations the thermodynamical behavior of an anomalous fluid confined inside rigid and flexible nanopores. The fluid is modeled by a two length scale potential. In the bulk this system exhibits the density and diffusion anomalous behavior observed in liquid water. We show that the anomalous fluid confined inside rigid and flexible nanopores forms layers. As the volume of the nanopore is decreased the rigid surface exhibits three consecutive first order phase transitions associated with the change in the number of layers. These phase transitions are not present for flexible confinement. Our results indicate that the nature of confinement is relevant for the properties of the confined liquid what suggests that confinement in carbon nanotubes should be quite different from confinement in biological channels.
Introduction
Most liquids contract on cooling and diffuse faster as the density is decreased. This is not the case of the anomalous liquids in which the density exhibits a maximum at constant pressure and the diffusion coefficient increases under compression.
1 These anomalous fluids include water, [2] [3] [4] Te, 5 Ga, Bi, 6 Si, 7, 8 for silicon or BKS 24 for silica have been employed to reproduce quantitatively these anomalous properties of these materials. However, coarse-grained potentials are an interesting tool
able to identify what is the common structural property in these fluids that make them anomalous. The effective potentials derived in these coarse grained models are analytically more tractable and also computationally less expensive, what allow for studying a very large systems and complex mixtures. Several effective models have been proposed. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] They reproduce the thermodynamic, structural and dynamic anomalies present in water and in other anomalous liquids. The common ingredient in these potentials is that the particle-particle interaction is modeled through core-softened potentials formed by two length scales, one repulsive shoulder and an attractive well. 29, [36] [37] [38] These competition leads to the density and diffusion anomalies.
In addition to the bulk properties, nanoconfinement of anomalous liquids has been attracting attention not only due to its applications but also due to the new physics observed in these systems. [39] [40] [41] Fluids confined in carbon nanotube exhibit formation of layers, crystallization of the contact layer 42, 43 and a superflow not present in macroscopic confinement.
44-46
In the particular case of water confined in nanopores, the pore size has significant influence on the freezing and melting temperatures of water. [47] [48] [49] [50] The crystallization in these systems is not uniform and the confined ice shows different characteristics when compared with the bulk ice. and of biological ionic channels [59] [60] [61] [62] show properties different from the behavior observed in confinement by rigid walls. These studies, however, do not highlight the physical reason behind the differences between rigid and flexible confinement.
Acknowledging that coarse graining potentials would be a suitable tool to test how the flexibility would affect the properties of confined anomalous liquids. Recently it was shown that the density and diffusion anomalies disappears as the channel or nanopore become flexible.
63
In this paper we explore the differences in the layering and in the surface phase transitions for anomalous fluids confined by both rigid and flexible nanotubes. We show that the surface crystallization observed in rigid carbon nanotubes should not be expected in flexibly biological channels. The fluid is modeled using a two length scale potential. This coarse grained potential exhibits the thermodynamic, dynamic and structural anomalous behavior observed in anomalous fluids in bulk 29, 36 and in confinement. [63] [64] [65] [66] [67] The formation of layers and its relation with the first order phase transition are analyzed. The paper is organized as follows: in Sec. II we introduce the model and describe the methods and simulation details;
the results are given in Sec. III; and in Sec. IV we present our conclusions.
The Model and the Simulation Methodology
The fluid is modeled as spherical-symmetric particles, with diameter σ and mass m. The particles interact through the three dimensional core-softened potential
where r ij = | r i − r j | is the distance between two fluid particles i and j. This potential has two contributions. The first parcel is the standard 12 − 6 Lennard-Jones (LJ) potential 
Here, U LJ is the standard 12 − 6 LJ potential, included in the first term of equation (1), and z c = 2 1/6 σ is the cutoff for the WCA potential. Also, the term z ij measures the distance between the wall at j position and the z-coordinate of the fluid particle i.
Two distinct scenarios were studied: rigid and flexible walls. In the first case, the nanopore walls positions were fixed and standard N V T Molecular Dynamic simulations were performed. The temperature control was obtained with the Nosè-Hoover thermostat, with a coupling parameter Q = 2.0. The pressure in the z direction, p z , was computed by the virial expression in the direction of the confinement (z),
where
and U (r ij ) is the interaction potential between two particles separated by a distance r ij , and z ij is the z-component of the distance.
In a second scenario flexible walls were studied. In this case, MD simulations were performed at constant number of particles and perpendicular pressure and temperature (N p z T ensemble). The pressure was fixed using the Lupkowski and van Smol method. 72 The walls had translational freedom in the z-direction, acting like a piston in the fluid, and a constant force controls the pressure applied in the confined direction. In this scenario, the resulting force in a fluid particle is given by
where F iwA(B) indicates the interaction between the particle i and the piston A(B). Once the walls are non-rigid and time-dependent, we have to solve the equations of motion for A and B,
and
respectively, where m w is the piston mass, p z is the applied pressure in the system, S w is the piston area and n A is an unitary vector in positive z-direction, while n B is a negative unitary vector. Both pistons (A and B) have mass m w = m, width σ and area equal to S w = L 2 .
For the rigid nanopore system, the temperature was varied from k B T /ǫ = 0.05 to k B T /ǫ = 1.00, and the plate separation from L z = 4.00σ to L z = 10.00σ, while for systems with flexible nanopores the temperature was varied from k B T /ǫ = 0.10 to k B T /ǫ = 1.00, and the perpendicular pressure from p z σ 3 /ǫ = 0.075 to p z σ 3 /ǫ = 6.00. In both cases the simulations where performed with N = 500 particles. Due to the excluded volume originated by the nanopore-fluid interaction, the distance L z σ between them needs to be corrected to
the effective density will be ρ e σ 3 = N/(L ze L 2 ). For flexible nanopores, considering the flutuation of the walls, the effective distance will oscillate around an average value L ze /σ and the average density will be
. Also, is important to reinforce that, s
N is fixed for all simulations, the distinct values for density are obtained by the variation in the plates separation, L z . Standard periodic boundary conditions where applied in the non-confined directions. Five independent runs were performed to evaluate the properties of the confined fluid. Each individual simulation consists of 1 × 10 6 equilibration steps and 3 × 10 6 steps for production, with a time step δt = 0.0025, in LJ units.
In order to define the fluid characteristics in contact with the nanopore walls, the structure of the fluid contact layer was analyzed using the radial distribution function g || (r xy ), defined
where the Heaviside function θ(x) restricts the sum of particle pair in a slab of thickness δz = 1.0 close to the wall.
Also, to verify the fluid mobility we calculate the lateral mean square displacement (MSD)
1/2 denote the parallel coordinate of the confined fluid molecule at a time t 0 and at a later time t, respectively.
The physical quantities will be depict in the standard LJ units,
for distance, density of particles and time , respectively, and
for the pressure and temperature, respectively. Since all physical quantities are defined in reduced LJ units in this paper, the * will be omitted, in order to simplify the discussion of our results.
In the simulations with flexible nanopores, the mean variation in the system size induced by the wall fluctuations are smaller than 2%. Data errors smaller than the data points are not shown. ior. This suggests that while the fluid between the plates changes its configuration between different layer arrangements the wall continuously and no phase transition at the wall is observed. For rigid nanopores, however, the pressure versus density is a monotonic function for isochores above T c3 = 0.45. Below this temperature, a non-monotonic behavior is observed.
The isotherms for T < T ci show a van der Waals loop, characteristic of a first order phase transition. In the rigid case, the inflection in dp z /dρ = 0 indicates the presence of a first order phase transition. Before discussing the characteristics of the fluid and of the phase transition at the wall, we address the question of why the thermodynamical behavior of flexible nanopores should be different from the case of rigid nanopores. In the rigid case, the walls only contribute to the enthalpic part of the free energy while in the flexible case, the walls vibrations constantly shake the fluid particles near the wall, increasing also the entropic part of the free energy.
While the minimization of the wall-particle and particle-particle energy leads to an ordered structure, the entropic contribution from the wall disrupts this organization. Therefore, only in the case of rigid walls an ordered structure at the wall should be expected. Consequently, since the central layers are not affected by the wall movement, we can understand the differences between the thermodynamical behavior of the confined fluid within rigid and flexible walls by analyzing the properties of the layers in contact with the walls. We will refer to this layer as contact layer. The phase transition observed in the figure 5 can be associated with the change in the number of layers. In order to explore the idea that this transition is also associated with changes in the structure of the contact layer, the radial distribution function g (r xy ) of the contact layer was computed. Figure 6 The g (r xy ) for the densities ρ III = 0.18562 and ρ IV = 0.228, associated with the four to three layers in figure 7 (A) respectively, are shown in figure 7 (B). As the density changes from ρ II to ρ III the dimeric system becomes continuously more structured. As the density increases further, at ρ IV the system changes discontinuously to an very ordered liquid structure, characterizing a crystal or a crystal-liquid like phase. As the snapshots in the figure 7(C) indicates, the dimers observed in figure 6(C) are now forming ordered lines in the density ρ IV . In order to clarify if the phase IV is crystal or liquid-crystal-like phase, the the mean square displacement in parallel direction (r || (t)) as function of time in logarithmic scales was computed. The figure 8 shows that despite the high ordering observed in the lining arrangement phase IV has mobility and therefore is liquid-crystal-like. This result is consistent with other lining phases and the nature of the phase can be determined by the shear module [75] [76] [77] or by the mean square displacement 65 in the non-confined directions. The three phase transitions at the surface are represented by the density jumps in the temperature versus density phase transition in figure 5 and by the van der Waals loops in figure 3 showing that the instabilities signalized in these graphs are related to phase transitions at the fluid wall interface. The transition between a liquid-crystal and solid phases usually imply a change in the order parameter symmetry and, therefore, can not be modeled by a van der Waals theory. However, Daanoun, Tejero and Baus showed that the van der Waals theory can be extended to transitions between structured phases 78 in some special cases. In order to reconcile the transition between a liquid-crystal-like to solid transition with the presence of a critical point, two different sets of temperatures were analyzed. First, the density histogram, the radial distribution function, the mean square displacement and the snapshot of densities ρ V II and ρ V III were computed for T = 0.175. Fig. 10 shows that phase VII is less structures when compared with phase V and is quite mobile, while phase VIII is less structured than phase VI and the mean square displacement is also higher when compared with phase VI. This suggests that phase VIII has some resemblance with the hexactic phase. 79 Next, for T = 0.350, the density histogram, the radial distribution function, the mean square displacement and the snapshot of densities ρ IX and ρ X were computed. Fig. 11 indicates that phases IX and X are liquid. Therefore the critical point (T c3 = 0.45, p z,c3 = 2.235) is between two liquid phases. Is important to point that the wall flexibility, despite maintaining the contact layer in a disordered structure, make more difficult to destroy the central layers at higher temperatures.
At right temperatures, as T = 1.0, and small density the system shows a bulk-like density profile, as shown in figure 17(A) . But, for slightly higher densities, layering of the fluid is restored as illustrated in figure 17 (B). This behavior is distinct from the rigid nanopore case in which for any density at high temperatures the layering is lost. Due to the wall oscillations the fluid particles can assume in the z-direction a position that minimizes the energy. And this small oscillation, compared with fixed walls, leads to the layering even for high temperatures, as shown in figure 17 (A) and (B). This order in the middle layers at high temperatures does not affect the contact layer. Figure 18 (A) and (B) shows that the the radial distribution function of the contact layer is similar to the amorphous phase.
Conclusion
We have studied the thermodynamical behavior and the surface phase transition of a anomalous fluid confined inside rigid and flexible nanopores. Our results show that the fluid behavior is strongly affected by the confinement properties. In the rigid nanopore scenario, the p z × ρ phase diagram shows the presence of three first order phase transitions related with structural phase transitions at the contact layer. Due the walls fluctuations in the flexible nanopore case, no surface phase transition is observed in the case of non rigid walls.
Our results indicates that the thermodynamic behavior of anomalous fluids such as water obtained for rigid carbon nanotubes and solid state nanopores can not be extrapolated to more flexible walls such as the surface present in biological systems.
